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ABSTRACT

Ramachandra, Manasa . M.S., Purdue University, August 2016. Catalytic Conversion of
Chlorite to Chlorine dioxide by Non-heme Complexes. Major Professor: Mahdi AbuOmar.
The oxyanions of chlorine (ClOx-, x=1-4) have diverse applications and are used in a
variety of commercial products. They are very stable in an aqueous environment leading
to water contamination, thereby posing a concern for the environment and human health.
At the microbial level, the enzyme perchlorate reductase catalyzes the reduction of
perchlorate (ClO4-) to chlorite (ClO2-) and chlorite dismutase further reduces chlorite to
innocuous chloride (Cl-) and dioxygen (O2). Two non-heme complexes [FeIII-TAML](Tetraamido Macrocyclic Ligand), and [MnII-(BnTPEN)] in the presence of peracetic acid
(PAA) have been studied as catalysts for chlorite dismutation under ambient conditions.
Kinetic and mechanistic studies were carried out to study the reactivity of FeIII-TAML and
MnII-BnTPEN in the presence of PAA with sodium chlorite in acetate buffer (pH=5.0) at
ambient temperatures. The TAML complex has been proposed to catalyze the one-electron
oxidation of chlorite to chlorine dioxide (ClO2), as well as the dismutation of chlorite to
chloride and dioxygen, after an induction period. The [MnII-BnTPEN] + PAA reaction
displayed non-linear characteristics in the form of a long quiescent induction period,
followed by the sudden and rapid production of ClO2 in the presence of excess ClO2-.
Herein, reaction characteristics of the two non-heme systems have been described, and a
reaction mechanism has been proposed. Chlorine dioxide, a pulp bleaching agent and a

xiii
disinfectant is currently produced at the point of use involving harsh conditions. Hence,
the non-heme-chlorite systems offer an inexpensive, mild method to produce ClO2 for
industrial applications.

1

CHAPTER 1. CHLORITE DISMUTATION TO CHLORINE DIOXIDE BY AN
[FeIII-TAML] COMPLEX

1.1 Abstract
There is an urgent need for chlorite remediation of water owing to its associated
health risks.1 We report the use of an [FeIII-TAML] (Tetraamido Macrocyclic Ligand)
complex as a catalyst for chlorite dismutation under ambient conditions. Kinetic and
mechanistic studies have been carried out to study the reactivity of FeIII-TAML with
sodium chlorite in acetate buffer (pH=5.0) at ambient temperatures. A comprehensive
reaction mechanism involving two parallel reactions has been proposed to account for the
experimental observations. The TAML complex catalyzes the one-electron oxidation of
chlorite to chlorine dioxide (ClO2), as well as the dismutation of chlorite to chloride and
dioxygen, after an induction period, via OAT (Oxygen Atom Transfer) reactions. The
reactive intermediate formed via OAT is assumed to be the fleeting [FeV=O(TAML)]
species. The FeV quickly reacts with hypochlorite to form the ClO3- species, which is
assumed to be responsible for a formal O- transfer to produce ClO2. In order to account for
the observed stoichiometry, a parallel reaction, which is the dismutation of ClO2- to Cl- and
O2, involving the formation of a peroxychloride intermediate is also proposed. ClO2, a pulp
bleaching agent and a disinfectant, is currently produced at the point of use involving harsh
conditions. Hence, the [Fe-TAML]-chlorite system offers an inexpensive, mild method to
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produce ClO2 for industrial applications. To our best knowledge, this is the first example
of an [Fe-TAML] catalyst being used for chlorite remediation of water.

1.2 Introduction
Chlorine oxyanions (ClOx-; x=1-4) are found in diverse commercial products and
have numerous applications due to their potent oxidizing capabilities.2 Perchlorate (ClO4-)
is used as an oxidizer in solid rocket propellant, in explosives, and fireworks.3 Chlorates
(ClO3-) are widely used for the large-scale production of chlorine dioxide (ClO2), a
bleaching agent used by the pulp and paper industry, as defoliants, and in the manufacture
of pyrotechnics, explosives, and cosmetics. Chlorite (ClO2-) is used as a bleaching agent in
the textile industry and in the small-scale production of ClO2. Hypochlorite (ClO-) is used
for disinfection and bleaching in its dilute solution form.2 These oxyanions, however, are
not without hazardous effects.3-4 ClO4- inhibits the uptake of iodine by the thyroid gland
causing developmental retardation in children and is toxic to aquatic life as well.3 Exposure
to ClO2- and ClO3- causes oxidative damage to red blood cells in humans. Symptoms of
ClO3- poisoning include methemoglobinemia and renal failure.1b ClO3- and ClO4- are
chemically stable in water, and are difficult to get rid of using common water treatment
technologies.5 Chlorite has been found to cause symptoms of childhood anemia.6 The EPA
has classified chlorite as a contaminant in drinking water owing to its associated health
risks.1a

This calls for an urgent need for chlorite remediation of water. Microbial

remediation of these oxyanions involves three steps and two enzymes.

3

Scheme 1.1. Microbial remediation of Perchlorate. Scheme adapted from Zdilla et al.7
The reduction of ClO4- to ClO3-, followed by the reduction of ClO3- to ClO2- along
with the generation of a water molecule at each step, is catalyzed by the molybdopterindependent enzyme Perchlorate reductase (PerR).5,
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In the third and final step,

notwithstanding a favorable reduction potential,9 ClO2- is reduced to innocuous chloride
(Cl-) and dioxygen (O2), a reaction catalyzed by the heme enzyme, Chlorite dismutase
(Cld)10 (Scheme 1.1). Cld is the only enzyme apart from Photosystem II, which is known
to catalyze an O-O bond-forming reaction.11 The mechanism of Cld (Scheme 1.2)
elucidated so far involves the binding of chlorite to ferric Cld, followed by the heterolytic
cleavage of the Cl-O bond resulting in the formation of a Compound I [(Por.+)FeIV=O]
intermediate and ClO-. The ClO- ion quickly rebounds to the oxo group of Compound I in
a nucleophilic manner generating Cl- and O2.10a, 11-12

4

Scheme 1.2. Mechanism of O-O bond formation by Cld. Scheme adapted from Kostan et
al.13

Bioinspired reactions mimicking the Cld enzyme are of considerable interest with
possible applications of chlorite remediation. The catalytic conversion of chlorite to
oxygen/chlorine dioxide and chloride by heme and non-heme model systems has been
studied extensively. Zdilla et al. reported on a water-soluble Fe-porphyrin which carries
out the dismutation of chlorite to oxygen, albeit to a small fraction of 18%, the rest being
chloride and chlorate.7, 14 Other Manganese-based heme and non-heme systems have been
shown to produce ClO2 rather than O2 when reacted with chlorite.15 Hu et al. have reported
a polypyridylruthenium(II) complex that catalyzes the disproportionation of chlorite to
chlorine dioxide.16
Despite the fact that most systems mentioned above produce ClO2, not O2, upon
remediation of ClO2-, they are important, because the means to produce ClO2 under
ambient conditions is of tremendous interest and use. The main application of ClO2 is for
the bleaching of wood pulp.2 Current bleaching technology makes use of ClO2 as part of
the Elemental Chlorine-free Technology (ECF) process. Most developed countries have
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replaced chlorine with chlorine dioxide as a bleaching agent due to environmental and
toxicity concerns regarding chlorophenols, by-products of chlorine bleaching.17 The U. S.
EPA has listed five chlorophenols as ‘priority pollutants’.17-18 In addition to its application
as a bleaching agent, ClO2 is increasingly being used as a disinfectant owing to its superior
biocidal capability, its efficiency being independent of pH, and the absence of chlorinated
by-products.19 Current production methods of ClO2 involve the reduction of chlorate in the
presence of large volumes of concentrated sulfuric acid and methanol, an environmentally
harsh process or electrochemical methods involving the one-electron oxidation of sodium
chlorite, which are not energy efficient owing to high costs and electrical power
consumption. Moreover, ClO2, a thermodynamically unstable gas cannot be transported on
account of its explosive decomposition at high pressures. Hence, it must be produced at the
point of application.2, 15a, 19c
Collins and coworkers have designed a family of iron complexes named Fe-TAML
(TAML – tetraamido macrocyclic ligand) activators which are highly efficient peroxide
activation catalysts. Solid FeIII-TAML activators are pentacoordinated with an axial aqua
ligand. The complexes in water are hexacoordinated species with two axial aqua ligands.17,
20

These Fe-TAML catalysts have been shown to oxidize a broad variety of substrates, all

of which have significant positive environment impacts. They have been shown to destroy
pollutants in effluent streams from various industries.21 Fe-TAMLs are capable of
completely degrading chlorinated organics22 and other pollutants from the textile,23 pulp
and paper,24 and pesticide industries.25 They have also been successful in desulfurization
of dibenzothiophenes present in petrol and diesel,26 and in the rapid deactivation of
bacterial spores under ambient conditions.27
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The TAML catalysts have been extensively studied and optimized to offer costeffective ways to clean up pollutants in water, without themselves being toxic. The FeTAML catalysts have all been shown to decompose within hours of cleansing activity,
without posing pollution problems of their own.28 Keeping in mind all the previous work
done on [Fe-TAML] catalysts, we decided to test the activity of TAMLs in chlorite
remediation.
Herein, we talk about the first reported use of an [(FeIII-TAML(OH2))]- (Figure 1.1)
complex carrying out the catalytic conversion of chlorite to chlorine dioxide under ambient
conditions and at mild, noncorrosive pH. The complex 1 brings about a 60% conversion of
chlorite to chlorine dioxide in as little as an hour and at micromolar concentrations. The
catalytic reaction is presumed to initially proceed via an [Fe(V)=O] intermediate generated
by Oxygen Atom Transfer (OAT). The production of ClO2 involves an O- transfer reaction
from ClO3- to [FeIII-TAML]. A parallel dismutation reaction producing Cl- and O2 accounts
for the observed stoichiometry and the O-atom deficit.

Figure 1.1. The [FeIII-TAML]- complex 1 used in this study.
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1.3 Experimental Methods
Materials. All reactions were carried out in deionized water purified from a
Millipore Milli-Q Academic TC water purification system. Acetate buffer (50.0 mM) was
prepared by mixing sodium acetate and glacial acetic acid till a pH of 5.0 was obtained.
Phosphate buffer (50.0 mM) was prepared by dissolving mono- and dibasic sodium
phosphate in water till the desired pH was obtained. Citrate buffer (50.0 mM) was prepared
by mixing appropriate amounts of anhydrous citric acid and trisodium citrate dihydrate in
water till the desired pH was obtained. Sodium chlorite was purchased from Sigma-Aldrich
(technical grade-80% pure) and was recrystallized from Ethanol. The purity was checked
by UV-vis and Ion chromatography. The recrystallized chlorite sample contained a few
percent of chloride impurity. The synthesis of complex 1, [FeIII-TAML(OH2)]- was carried
out by Jeong-Min Park in Prof. Wonwoo Nam’s laboratory at Ewha Woman’s University,
Seoul, Korea following published procedures.29 All other commercially available
chemicals were used as such without further purification unless indicated otherwise. All
reactions were carried out at 25oC in 50.0 mM acetate buffer at pH 5.0 unless specified
otherwise.
Instrumentation. UV-vis spectra and kinetics were recorded on an Agilent Cary
60 scanning spectrophotometer equipped with a thermostattable cell holder. Ion
chromatography was performed on a Dionex DX-500 Liquid Chromatography system
equipped with a Dionex LC25 Chromatography Oven, a Dionex ED40 Electrochemical
detector, and a Dionex Ion-Pac-AS23 HC ion exchange column. A solution of 4.50 mM
Na2CO3 + 0.80 mM NaHCO3 was used as the eluent. Ion chromatography calibration
standards were prepared in the 0.05 – 10mM concentration range. Sample peaks were
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obtained, integrated and quantified by comparing with peaks obtained from standard
solutions. Retention times and peak identities are: acetate – 4.5 min; chlorite – 5.64 min;
chloride – 7.04 min; and chlorate – 10.4 min. X-band EPR spectra were recorded on an Xband Bruker EMX-plus spectrometer equipped with a dual mode cavity (ER 4116DM).
Low temperature was achieved and controlled with an Oxford Instruments ITC503
temperature and gas flow controller. The experimental parameters for EPR spectra were as
follows: Microwave frequency = 9.65 GHz, Microwave power = 1.0 mW, modulation
amplitude = 10 G, gain = 1 x 104, modulation frequency = 100 kHz, time constant = 40.96
ms, and conversion time = 81.00 ms.
Reaction preparation. All reactions were carried out in a quartz cuvette cell filled
with 4.1mL acetate buffer with no empty headspace under atmospheric conditions. The
volumes of the required concentrations of both the catalyst and chlorite were removed from
the total reaction volume before each reaction. The catalyst was injected first and mixed
for three seconds. This was followed by the injection of chlorite and mixing of the reaction
volume for five seconds. A UV-vis spectrum was taken every minute until maximum ClO2
was observed.
Ion Chromatography. The reaction was stopped at the point of maximum ClO2
production by dilution. This was done by removing 20µL of the reaction mixture to 980
µL of Millipore water, purging with N2 to get rid of the ClO2 formed, and then injected
into the IC.
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1.4 Results
ClO2 formation. We studied the catalytic activity of [Fe III-TAML]- with Sodium
chlorite at 25oC in 50mM Acetate buffer, pH 5.0. This reaction produced ClO2, which was
monitored by its characteristic absorption peak at 360nm (ε=1250 M-1 cm-1).19c When the
buffer was changed from acetate to phosphate (pH 7.0), there was no production of ClO2.
This implies that the formation of ClO2 is proton dependent. Additionally, when the buffer
was changed from acetate to citrate (pH 5.0), ClO2 production did not stop indicating that
the buffer is innocent during catalysis. Furthermore, the catalyst also has an absorption
maximum at 365nm, which was subtracted from the absorbance of ClO2 for more accurate
results. A spectrum (Fig 1.2a) showing the formation of ClO2 during the catalytic reaction
is compared with a spectrum of pure ClO2 (Fig 1.2b) collected from a separate reaction.
Bubbles of oxygen was not visibly observed during any of the reactions studied.
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Figure 1.2. a) UV-vis spectrum of the reaction. [Fe-TAML] = 20µM, [ClO2-] = 1.8mM.
The different colored spectra at 360nm indicate ClO2 formation. The spectrum in red
indicates starting [FeIII-TAML] and the spectrum in pink indicates maximum ClO2
produced after an hour. b) The spectrum of ClO2 prepared freshly from a separate reaction.

Ion Chromatography (IC) – Products Analysis
The chlorine-containing products were identified and quantified by IC. Samples
were injected into the IC at the point of maximum ClO2 production after purging with N2.
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At the point of maximum ClO2 production, around half of the reactant chlorite was
consumed, and the other reaction products were Cl- and ClO2 in a ~ ratio of 3:2. Upon
increasing reaction times, it was observed that the amounts of Cl- and ClO3- increased,
while the amount of ClO2 produced decreased. Higher catalyst/chlorite concentrations and
longer reaction times resulted in an increased rate of consumption of ClO2- and increased
concentrations of Cl- and ClO3-. The exact concentrations of each product at different
catalyst and chlorite concentrations are shown in Tables 1.1 and 1.2.

Table 1.1. IC data for varying catalyst concentration experiments. All concentrations are
in mM unless otherwise indicated. a) Reaction time indicates the time at which maximum
ClO2 was produced. b) The concentration of ClO2 was quantified by UV-visible
spectroscopy of the reaction mixture. The concentrations of other chlorine-containing
species were quantified by Ion Chromatography(IC). IC was performed on all reaction
mixtures when maximum ClO2 was produced. c) Percentage calculated by final
concentration of ClO2 divided by the amount of chlorite consumed. d) Percentage of
oxidizing equivalent unaccounted for by Cl-containing species.
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Table 1.2. IC data for varying chlorite concentration experiments.
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UV-Visible Spectroscopy and Reaction Kinetics
The reaction kinetics was monitored by observing the peak at 360nm, the
absorption maximum for ClO2. It can also be monitored by observing the disappearance of
the ClO2- absorbance peak at 260nm (ε = 154 M-1 cm-1), which indicates the consumption
of ClO2-. However, the catalyst has a high absorption in the 260nm region (Figure 1.3),
making it essential to monitor kinetics at 360nm instead.
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Figure 1.3. UV-visible absorption spectrum of catalyst and chlorite. 20µM [Fe-TAML]
(dashed red); absorption maximum at 365nm, also showing strong absorption in the 260nm
region. Absorption spectrum of 1.8mM ClO2- (blue); absorption maximum at 260nm.

When a solution of [FeIII-TAML]- (5 - 20µM) dissolved in acetate buffer was
reacted with a solution of excess ClO2- (1.8mM), an induction period was observed prior
to the formation of ClO2 (Figure 1.4). The induction period indicates that the reactive
intermediate is not present at the start of the reaction, but is formed in situ as the reaction
proceeds. The reactive intermediates are assumed to be an [FeV=O(TAML)]- species and
ClO3-. The Fe(V)=O species has been previously observed and identified spectroscopically
in non-aqueous solvents at -60oC, but its existence in water, although feasible, is so fleeting
that, so far, it has not been possible to observe and identify the same in water at room
temperature.21, 30
When a solution of the [FeIII-TAML] catalyst (15µM) was reacted with a solution
of chlorite (0.45-4.25mM), ClO2 was produced after an initial induction period (Figure 1.5)
The induction period decreased when higher concentrations of ClO2- were used.
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Figure 1.4. Abs @ 360nm vs time plots for varying catalyst concentrations. [Fe-TAML] =
5, 10, 15, 20µM; [ClO2-] = 1.8mM. Inset: Induction periods enhanced.

Figure 1.5. Abs @ 360nm vs time plots for varying chlorite concentrations. [Fe-TAML] =
15µM; [ClO2-] = 0.45, 1.09, 2.87, 4.26mM.

A second set of reactive Fe intermediates was also observed spectroscopically when
75µM [FeIII-TAML] was treated with 0.1mM ClO2- (Figure 1.6). Both [FeIV=O(TAML)]2monomer and [(TAML)FeIV-O-FeIV(TAML)]2- dimer were identified using UV-vis
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spectroscopy.21 It is important to note here that both FeIV oxidized species were observed
only at very high concentrations of FeIII-TAML and very low concentrations of ClO2- and
not under reaction conditions as the kinetic data obtained in this work have been carried
out under very low micromolar concentrations.31

Figure 1.6. Spectroscopic evidence for the FeIV(O) monomer and the µ-O-FeIV dimer.
[FeIII-TAML] = 75µM, [ClO2-] = 0.1mM. The FeIV(O)(TAML) monomer and the µ-O-FeIV
dimer have specific spectroscopic signatures. The monomer slowly changes to the dimer
in solution.

Multiple Additions of ClO2In order to examine the viability of the catalyst after its initial reaction with ClO 2-,
multiple additions of ClO2- were performed. A second aliquot of ClO2- (1.8mM) was added
to 15µM of [FeIII-TAML], after the first reaction produced maximum ClO2 and the reaction
mixture was purged to remove the ClO2 produced. Upon second addition, the induction
period disappeared, the increase in ClO2 production was linear. A decrease in the observed
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rate was around 60% of the initial rate. The same behavior was observed on further
additions of ClO2- after purging to get rid of the ClO2 produced (Figure 1.7a).
When a second aliquot of ClO2- (1.8mM) was added without prior purging to get
rid of the produced ClO2, similar behavior as above was observed. The induction period
disappeared and ClO2 production continued in a linear fashion (Figure 1.7b).

Figure 1.7. a) Abs @ 360nm vs Time plots for successive additions of ClO2- after purging
to get rid of the produced ClO2. Induction period disappears on subsequent additions and
observed rate decreases. b) Abs vs time plots for successive additions without purging to
get rid of the ClO2 produced. ClO2 production continues and induction period disappears.
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Reactivity of the Product Chlorine dioxide with [FeIII-TAML]In order to examine the effect of product on the reaction, ClO2 was prepared from
a separate reaction and collected in 50.0 mM pH 5.0 acetate buffer. This freshly prepared
ClO2 was reacted with 15µM of the pre-catalyst [FeIII-TAML]- (Figure 1.8a). A slight
decrease in absorbance at 360nm was observed over the course of 30 minutes and the UVvis spectra showed the formation of the (µ-oxo)FeIV]2- dimer initially (Figure 1.8b). The
characteristic peaks of the dimer at 540nm and 800nm disappeared slowly after 30 mins.
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Figure 1.8.a) Reactivity of ClO2 with the precatalyst. [FeIII-TAML] = 15µM, [ClO2] =
0.66mM. ClO2 prepared separately was reacted with FeIII. b) UV-vis spectrum of the
reaction showing the peaks characteristic of the FeIV dimer. The dimer peaks slowly
disappeared over 30 mins.

Reactivity of Hypochlorite with [FeIII-TAML]The experiments with hypochlorite were performed by Jeong-Min Park of Ewha
Womans University, Seoul, Korea. They are included here for more clarity in order to
explain the mechanism. Hypochlorite is a proposed intermediate of the reaction. Therefore,
the reaction between [FeIII-TAML]- (100µM) and NaOCl (1mM) at room temperature and
in 50.0 mM acetate buffer pH 5.0 was studied to identify any possible reactive Fe
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intermediates. This reaction showed the characteristic peaks for the (µ-oxo)FeIV]2- dimer
(Figure 1.9), which could be due to the possibility of the [FeV=O] species being formed on
reaction with ClO-, and then quickly comproportionating with FeIII to give the FeIV dimer.

Figure 1.9. Reactivity of Hypochlorite with the precatalyst [Fe III-TAML]. [Fe-TAML] =
100µM, [NaOCl] = 1mM. On reaction with ClO-, the characteristic peaks of the µ-oxoFeIV dimer are seen. This experiment was performed by Jeong-Min Park of Ewha Womans
University, Seoul, Korea.

Time-Dependent Ion Chromatography
To help elucidate the mechanism, IC samples were taken at 20 minute intervals.
This helped quantify the Cl-containing anionic species in the reaction mixture at each
interval. As the reaction proceeds, chlorite is consumed and, chloride and chlorate are
formed in increasing amounts (Figure 1.10).
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Figure 1.10. Time-dependent IC taken every 20 minutes showing the decrease in ClO2-,
and the corresponding increase in [ClO2], [Cl-], and [ClO3-]. [Fe-TAML] =20 µM, [ClO2-]
= 2.46 mM. Reaction time = 60 mins.

1.5 Discussion
The catalytic conversion of ClO2- to ClO2 by an [FeIII-TAML]- catalyst was studied
in 50.0 mM acetate buffer at 25oC. To our best knowledge, this is the first example of an
[Fe-TAML] catalyst being used for chlorite remediation of water. At a catalyst loading of
0.001 mol%, conversion rates of 65% from chlorite to chlorine dioxide were obtained in
an hour. As described earlier, these versatile [Fe-TAML] catalysts have been tested for
several industrial applications like the destruction of toxic pesticides, dyes, and other
pollutants present in industrial wastewater, and bacterial spores.28 An additional important
application could be to produce ClO2 on-site due to the difficulties posed by it being an
explosive gas. [Fe-TAML] could provide an inexpensive, reliably quick, and mild method
to produce ClO2 in situ at the point of application.
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Kinetics of the reaction with [FeIII-TAML] and ClO2- were monitored by the
disappearance of the ClO2- peak at 260nm indicating its consumption and by the increase
in absorbance at 360nm indicating the formation of ClO2. These reactions were carried out
in slightly acidic conditions, at pH 5.0 in acetate buffer. ClO2-, in the absence of [FeTAML], in acetate buffer produces ClO2 at a very slow rate, over the course of several
days,15c implying the necessity of the Fe catalyst for the rapid production of ClO2. The
above reaction, when carried out in pH 5.0 citrate buffer (Appendix A.1) (performed by
Jeong-Min Park at Ewha Womans University, Seoul, Korea), also produced ClO2, but
when the buffer was changed from acetate to a more basic pH 7 phosphate buffer, no ClO2
was produced (Appendix A.2) (performed by Jeong-Min Park at Ewha Womans
University, Seoul, Korea). These results clearly indicate that the chlorite reaction with [FeTAML] is proton dependent, but buffer independent at pH 5.0.
The reaction profiles showed an induction period implying an initiation step in the
catalytic cycle. The initiation step is thought to involve the formation of the
[FeV=O(TAML)]- species, a highly reactive and short-lived intermediate in water, along
with enough concentrations of ClO3- required to produce the ClO2. The FeIV dimer
intermediate was observed and identified spectroscopically, whereas the postulated highlyreactive FeV=O intermediate was only seen in Methanol when 100µM FeIII-TAML was
treated with 100µM of NaClO2 (Appendix A.3) (performed by Jeong-Min Park at Ewha
Womans University, Seoul, Korea).
Despite the FeV=O intermediate not being observed in water, its characteristic
peaks’ appearance in MeOH on treatment with chlorite is clear evidence for its formation
during the course of the reaction. EPR experiments indicate that the Fe III form of the
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catalyst is returned at the end of the reaction with ClO2-(Figure 1.11). The reaction was
also monitored by time-dependent IC giving a clear picture of the distribution of Clcontaining species during the course of the reaction.

Figure 1.11. EPR Spectroscopy of [FeIII-TAML] before and after reaction with [ClO2-]. a)
[FeIII-TAML] = 1mM, no [ClO2-]. Taken at 5K. b) [FeIII-TAML] = 75µM, [ClO2-] =
100µM. Taken at 15K. Spectrum taken after 60 minutes of reaction and 60 minutes of
purging with N2 to remove the ClO2 produced.
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Other key features of the reaction with chlorite include the increase in the amounts
of ClO2, Cl-, and ClO3- as catalyst concentration was increased. The amount of ClO3produced, however, was small, compared to that of Cl-, indicating the possible
consumption of the produced ClO3-.
In order to explain the observed experimental features and the reaction kinetics of
the Fe-TAML with ClO2-, a reaction mechanism has been proposed (Schemes 1.3, 1.4, and
1.5). In Scheme 1.3, the [FeIII-TAML]- catalyst reacts with ClO2- to form the reactive
intermediate [FeV=O(TAML)]- and ClO- in an OAT. The ClO2- quickly reacts with FeV=O
to form ClO3-. Cl- is formed when FeIII reacts with ClO- to form FeV=O, which further
reacts with ClO2- to form more ClO3-. Scheme 1.3, thereby, shows the conversion of ClO2to ClO3- and Cl-.
Scheme 1.4 shows the consumption of the ClO3- formed to produce ClO2. The
proposed reaction shows that FeIII reacts with ClO3- to form the product ClO2 and FeIV=O.
The conversion of FeIII to FeIV=O is proposed to occur via an FeIII-O- species involving a
formal O- transfer, which then gets converted to the FeIV=O form. This reaction has been
proposed based on a VO2+ reaction with ClO3- to form VO2+ and ClO2 as reported by
Rosseinsky et al.32 It is important to note here that the proposed O- transfer reaction has not
been proved experimentally in this study. In the next step, The FeIV=O species dimerize
and disproportionate to form the FeIII and the FeV=O forms of the catalyst.33 The FeV=O
thus formed, reacts with ClO2- to return the catalyst to the FeIII form and producing ClO3-.
Scheme 1.4, therefore describes the consumption of ClO3- to form the ClO2 product in the
presence of protons. The combined reaction from Schemes 1.3 and 1.4 is depicted by
equation 3. The stoichiometry predicted by equation 3 is different from that shown in Table
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1.1. Also, there is an O-atom deficit which cannot be explained by equation 3 alone.
Therefore, it is proposed that reactions shown in Scheme 1.5 occur in parallel to those
shown in Schemes 1.3 and 1.4.
Scheme 1.5a depicts the enzymatic chlorite dismutase reaction which involves the
formation of the reactive intermediate FeV=O. The FeV=O then proceeds to react with the
hypochlorite formed to return to the FeIII form of the catalyst and to produce a
peroxychloride species [Cl-O-O]-, which then spontaneously dissociates to form Cl- and
singlet O2. The peroxychloride species has been previously proposed in reaction
mechanisms involving the enzyme Horseradish peroxidase and chlorite34, and that of a
water-soluble Fe-porphyrin reacting with ClO2-.35 Equation 4, the net reaction involving
the peroxychloride species to form Cl- and O2, similar to the Chlorite dismutase reaction10a,
depicts the reaction that occurs in parallel to the reaction depicted by equation 3. Again, it
is important to note here that O2 was not detected in the experiments performed. However,
the mechanism proposed calls for the formation of O2 and Cl- in order to satisfy the
stoichiometry observed experimentally as shown in Table 1.1. Small amounts of O2
produced slowly would not be detected under the current experimental conditions.
However, it would be important to confirm the formation of O2 in future work.
The overall mechanism (Scheme 1.5b) therefore predicts that reactions shown in
equations 3 and 4 occur in parallel to give the combined reaction as shown in equation 5.
Equation 5 thus represents the overall reaction stoichiometry of the Fe III-TAML reaction
with ClO2-. The stoichiometry predicted by equation 5 is in close agreement with the
observed stoichiometry shown in Table 1.1. In addition, the formation of O2 in equation 4
explains the O-atom deficit seen in equation 3.
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Scheme 1.3. Mechanism for the formation of ClO3- and Cl-. Ligands have been omitted for
clarity in the catalytic scheme depicted. L = TAML in the equations.

Scheme 1.4. Mechanism for the consumption of ClO3- to form the product ClO2, and the
net reaction from Schemes 1.1 and 1.2. Ligands have been omitted for clarity in the
catalytic scheme depicted. L = TAML in the equations.
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Scheme 1.5. a) Mechanism for the formation of Cl- and O2, similar to the enzyme Chlorite
dismutase reaction.10a Ligands have been omitted for clarity in the catalytic scheme
depicted. L = TAML in the equations. b) Overall net stoichiometric reaction showing the
formation of ClO2 and Cl- in the ratio 2:3.

The above proposed mechanism explains the experimental features observed. The
induction period can be explained by the need to produce enough ClO3-, which is the
species responsible for producing the ClO2 product. The values in Table 1.1 depict a ratio
of 2:3 ClO2: Cl-, which is in close agreement with the overall stoichiometry predicted in
equation 5. The net reaction describing the parallel reactions 3 and 4, also explain the Oatom deficit in the form of tiny amounts of O2 being produced during the reaction of FeIIITAML with ClO2-, and the requirement of an acidic medium. Table 1.1 depicts very little
ClO3- formed at the end of the reaction, which can be explained by the consumption of
ClO3- to form ClO2 as and when it is formed.
The disappearance of the induction period upon multiple additions of ClO2- can
also be explained by the above mechanism. After the initiation step involving the formation
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of the FeV=O intermediate, upon successive additions of ClO2-, the production of ClO2
resumes linearly without an induction period by reaction of enough ClO3- species present
in the reaction mixture, which is formed from the reaction of FeV=O with ClO2-.
Multiple additions of ClO2- showed that the Fe-TAML catalyst remains active for
the formation of ClO2, despite showing a decrease in the observed rate for successive
additions. This is evidence for the robust nature of the Fe-TAML ligand previously
described elsewhere.17, 20

1.6 Conclusions
We have described the use of an Fe-TAML catalyst for the remediation of chlorite.
The Fe-TAML catalyst brings about high conversion rates of about 60% from ClO2- to
ClO2 under mild conditions of 25oC and pH 5.00. A mechanism involving two reactions
running in parallel has been proposed explaining the kinetic and spectroscopic behavior of
the catalyst. The induction period observed is due to an initiation step resulting in the
formation of an FeV=O intermediate and ClO3- species. The formation of ClO2 is due to a
proposed formal O- transfer from ClO3- to the FeIII form of the catalyst resulting in the
consumption of the ClO3- formed. The mechanism also proposes the concomitant
formation of small amounts of O2 involving a peroxychloride intermediate. The proposed
mechanism is in keeping with the experimental stoichiometric observations. Fe-TAML
activators have been used to decontaminate industrial effluents from the textile, pulp and
paper, and cosmetic industries.28 In addition to these, the Fe-TAML catalyst can also be
used to successfully produce ClO2 from ClO2-, the other product anions being the
innocuous Cl- ,and ClO3- formed in very small quantities. Thus, the above method provides
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a way to produce ClO2, which can be used as a disinfectant, and as a pulp and paper
bleaching agent.

1.7 Potential Impact
The [FeIII-TAML] complex can be successfully used for chlorite remediation in
water. The product of this remediation is ClO2, an industrially valuable product. This
method provides a fast, reliable, and mild method to produce ClO2, which can be used as a
disinfectant, and as a pulp and paper bleaching agent. The conversion rate of 60% in an
hour is one of the highest reported rates of conversion to ClO2 under ambient temperatures
and pH, without the use of harsh chemicals. Fe-TAML activators have been used to
decontaminate industrial effluents from the textile, pulp and paper, and cosmetic
industries28 and have been determined to be safe, non-toxic catalysts which can be used
without further polluting the treated water. The Fe-TAML technology is in the small-scale
pilot plant stage of development,36 and can thus easily be employed for chlorite remediation
and ClO2 production.

1.8 Future Directions
The proposed mechanism involving the consumption of ClO3- to form ClO2 via a
formal O- transfer requires experimental proof. Additionally, the small amounts of O2
produced during a proposed parallel dismutation reaction needs to be experimentally
observed and quantified. Kinetic modelling of the above mechanism can provide proof of
proposed mechanism and will help us understand the behavior of Fe-TAML in its reaction
with ClO2-. Modelling can provide us with simulated fits and values of rate constants
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involved in the reaction mechanism. Non-linear regression analysis can be performed to
model the proposed kinetics. Rate constants can be obtained from numerical fitting by
solving the ordinary differential equations for all the involved species. An agreement
between the kinetic simulations and experimental data can provide proof for the proposed
mechanism.
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CHAPTER 2. NON-LINEAR BEHAVIOR OF [MnII(Bn-TPEN)] WITH CHLORITE IN
THE PRESENCE OF PERACETIC ACID

2.1 Abstract
The use of an oxidant such as Peracetic acid (PAA) could bring about extremely
high conversions (>90%) of chlorite (ClO2-) to chlorine dioxide (ClO2) in a reaction
otherwise limited by stoichiometry. The conversion of ClO2- to ClO2 by a non-heme
complex [MnII(Bn-TPEN)] in the presence of PAA at ambient temperatures in acetate
buffer pH 5.00 was studied. The reaction displayed non-linear characteristics in the form
of a long quiescent induction period, followed by the sudden and rapid production of ClO2
in the presence of excess ClO2-. A conversion of 65% to ClO2 was achieved in ~12 minutes,
including the induction period. A MnIII-(µ-O)2-MnIV binuclear complex was observed by
EPR spectroscopy when the MnII complex was reacted with PAA. The induction period is
attributed to the formation of the MnIIIMnIV binuclear complex, which is then proposed to
react with ClO2- in the presence of acid to form an as yet unidentified higher oxidized Mn
binuclear complex and HOCl. The rapid production of ClO2 after the induction period is
due to the reaction of HOCl with ClO2-.1 Higher concentrations of PAA lengthened the
induction period with very high concentrations retarding the formation of ClO2. This
method provides for very quick, and very high conversions to ClO2 under mild conditions.
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2.2 Introduction
The means to produce Chlorine dioxide (ClO2) under ambient conditions is of
tremendous interest and use. The main application of ClO2 is for the bleaching of wood
pulp.2 Current bleaching technology makes use of ClO2 as part of the Elemental Chlorinefree Technology (ECF) process. Most developed countries have replaced chlorine with
chlorine dioxide as a bleaching agent due to environmental and toxicity concerns regarding
chlorophenols, by-products of chlorine bleaching.3 The U. S. EPA has listed five
chlorophenols as ‘priority pollutants’.3-4 In addition to its application as a bleaching agent,
ClO2 is increasingly being used as a disinfectant owing to its superior biocidal capability,
its efficiency being independent of pH, and the absence of chlorinated by-products.5
Current production methods of ClO2 involve the reduction of chlorate in the presence of
large volumes of concentrated sulfuric acid and methanol, an environmentally harsh
process or electrochemical methods involving the one-electron oxidation of sodium
chlorite, which are not energy efficient owing to high costs and electrical power
consumption. Moreover, ClO2, a thermodynamically unstable gas cannot be transported on
account of its explosive decomposition at high pressures. Hence, it must be produced at the
point of application.2, 5c, 6 Non-heme systems such as MnII(N4Py) and MnII(Bn-TPEN) have
been studied as catalysts in the production of ClO2 from chlorite (ClO2-).7
The high reactivity of manganese-oxo complexes of the non-heme system Mn(BnTPEN) (Bn-TPEN = N-benzyl-N,N’,N”-tris(2-pyridylmethyl)-1,2-diaminoethane) has
been reported by Nam et al. The manganese-oxo complex shows high reactivity in C-H
bond activations, olefin oxidations, alcohol and sulfide oxidations.8
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Figure 2.1. a) Bn-TPEN ligand. b) DFT-optimized structure of [MnIV(O)(Bn-TPEN)]2+.
Figure 1b taken from Hicks et al.7

Hicks et al. have reported on the reaction of [MnII(Bn-TPEN)]2+ with ClO2- in pH
5.0 acetate buffer at 25oC. The findings indicate first-order kinetic dependence on the active
form of the catalyst, and approximate first-order dependence on chlorite. The production
of chlorine dioxide involves the formation of a putative MnIV(O) species which undergoes
a PCET reaction with ClO2- to produce ClO2. A conversion rate of ~35% is obtained in 30
minutes, with the reaction reaching completion.7
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Figure 2.2. Figure taken from Hicks et al.7 a) Kinetics of ClO2 formation when 50µM
[MnII(Bn-TPEN)]2+ was reacted with 4 mM ClO2-. b) [ClO2] vs time. Conditions used:
[MnII(Bn-TPEN)] = 50µM; [ClO2-] = 9.99, 7.93, 5.99, 4.02, 2.09 mM (top to bottom). Solid
lines represent simulated data.

2.3 Preliminary Data
The reaction [MnII(Bn-TPEN)]2+ + ClO2- displayed non-linear behavior when
Peracetic acid (PAA) was added to the above reaction mixture. An induction period
followed by, what appeared to be an autocatalytic production of ClO2, was observed.
Initial results and observations of the reaction [MnII(Bn-TPEN)] + PAA + ClO2- :
Long induction period observed.
Increase in ClO2- decreased induction period, while a decrease lengthened it.
Very low concentrations of ClO2- did not produce ClO2.
Increase in catalyst shortened induction period.
Increase in PAA lengthened induction period.
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2.4 Non-Linear Behavior of Chlorite Ion
The chlorite ion has been known to exhibit several interesting non-linear
phenomena in acidic solutions.9 Many of the previously studied non-linear reactions with
chlorite involve sulfur compounds.1 The chlorite-thiourea reaction, for example, exhibits
‘clock’ reaction characteristics indicated by an induction period followed by rapid
formation of ClO2, in a batch environment. In a continuously stirred tank reactor (flow
reactor), it displays oscillatory behavior described as ‘chaotic’.10 This behavior is similar
to the famous Belousov-Zhabotinsky reaction, the earliest reported example of a nonlinear
chemical oscillator.1
Several reports have been published documenting and understanding the oscillatory
nonlinear behavior of ClO2- systems.1, 9-11 These references are by no means exhaustive,
but offer key insight into the understanding of the nonlinear kinetics exhibited by chlorite
and oxyhalogen systems. It has been established that an acidic medium is a requirement
for the oscillatory behavior of reactions of chlorite ion.9 In addition, the autocatalysis has
been attributed to the intermediate Cl2O2,12 and HOCl as the species responsible for rapid
production of ClO2.1, 11b-d, 11g The reaction under consideration, i.e., the subject of this study
which is the reaction of [MnII(Bn-TPEN)]2+ with ClO2- in the presence of PAA, shows
characteristics similar to the autocatalytic and oscillatory reactions of chlorite reported
earlier ( see Ref. 1,2, and 4). The characteristics include an initial quiescent induction
period followed by the rapid production of ClO2. Herein, we report on the non-linear
behavior of chlorite in the presence of PAA, and provide reasonable mechanistic
explanations to further explain this autocatalytic behavior.
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2.5 Experimental Methods

Materials. All reactions were carried out in deionized water purified from a
Millipore Milli-Q Academic TC water purification system. Acetate buffer (50.0 mM) was
prepared by mixing sodium acetate and glacial acetic acid till a pH of 5.0 was obtained.
Phosphate buffer (50.0 mM) was prepared by dissolving mono- and dibasic sodium
phosphate in water till the pH 7.0 was obtained. Sodium chlorite was purchased from
Sigma-Aldrich (technical grade-80% pure) and was recrystallized from Ethanol. The purity
was checked by UV-vis and Ion chromatography. The recrystallized chlorite sample
contained a few percent of chloride impurity. The synthesis of the complex, [MnII(BnTPEN)]2+ was carried out in Prof. Wonwoo Nam’s laboratory at Ewha Woman’s
University, Seoul, Korea following published procedures.13 All other commercially
available chemicals were used as such without further purification unless indicated
otherwise. All reactions were carried out at 25oC in 50.0 mM acetate buffer at pH 5.0 unless
specified otherwise.
Instrumentation. UV-vis spectra and kinetics were recorded on an Agilent Cary
60 scanning spectrophotometer equipped with a thermostattable cell holder. Ion
chromatography was performed on a Dionex DX-500 Liquid Chromatography system
equipped with a Dionex LC25 Chromatography Oven, a Dionex ED40 Electrochemical
detector, and a Dionex Ion-Pac-AS23 HC ion exchange column. A solution of 4.50 mM
Na2CO3 + 0.80 mM NaHCO3 was used as the eluent. Ion chromatography calibration
standards were prepared in the 0.05 – 10mM concentration range. Sample peaks were
obtained, integrated and quantified by comparing with peaks obtained from standard
solutions. Retention times and peak identities are: acetate – 4.5 min; chlorite – 5.64 min;
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chloride – 7.04 min; and chlorate – 10.4 min. X-band EPR spectra were recorded on an Xband Bruker EMX-plus spectrometer equipped with a dual mode cavity (ER 4116DM).
Low temperature was achieved and controlled with an Oxford Instruments ITC503
temperature and gas flow controller. The experimental parameters for EPR spectra were as
follows: Microwave frequency = 9.65 GHz, Microwave power = 1.0 mW, modulation
amplitude = 10 G, gain = 1 x 104, modulation frequency = 100 kHz, time constant = 40.96
ms, and conversion time = 81.00 ms.
Reaction preparation. All reactions were carried out in a quartz cuvette cell filled
with 4.1mL acetate buffer with no empty headspace. The volumes of the required
concentrations of PAA, the catalyst, and chlorite were removed from the total reaction
volume before each reaction. The catalyst was injected first and mixed for three seconds.
This was followed by the injection of chlorite and mixing of the reaction volume for three
seconds. A UV-vis spectrum was taken every 18 seconds until maximum ClO2 was
observed.
Ion Chromatography. The reaction was stopped at the point of maximum ClO2
production by dilution. This was done by removing 20µL of the reaction mixture to 980
µL of Millipore water, purging with N2 to get rid of the ClO2 formed, and then injected
into the IC.
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2.6 Results

Observation of Induction Period
When [MnII(Bn-TPEN)]2+ was reacted with excess ClO2- in the presence of PAA,
ClO2 was formed after an induction period. The formation of ClO2 was rapid (1-2 minutes)
after the induction period. The length of the induction period varied depending on the
concentration of [MnII(Bn-TPEN)], [ClO2-], and that of [PAA]. The induction period,
therefore, is largely determined by the initial concentration of the reactants.

[MnII(Bn-TPEN)] Dependence
When the concentration of [MnII(Bn-TPEN)] was varied while keeping [ClO2-] and
[PAA] constant, the induction periods decreased on increasing [MnII] concentrations, and
at the ends of which, ClO2 was produced rapidly. Figure 2.3 shows the formation of ClO2
and varying induction periods with [MnII(Bn-TPEN)] concentrations varying from 10µM
to 75µM.
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Figure 2.3. [MnII(Bn-TPEN)] dependence on ClO2 formation in the presence of PAA.
[MnII(Bn-TPEN)]2+ = 10, 25, 50, 75µM; [ClO2-] = 1 mM, [PAA] = 1 mM.

All reactions showed rapid production of ClO2 after an induction period, indicating
autocatalytic behavior. At low concentrations of [MnII(Bn-TPEN)], i.e., 10µM, the
induction period is fairly long (90 minutes) and the reaction was stopped before any ClO 2
was produced. Upon increasing [MnII(Bn-TPEN)] concentrations, induction periods
decreased considerably; ~40 minutes for 25µM, to ~18 minutes for 50µM, to a barely
observable induction period at 75µM. Higher [MnII(Bn-TPEN)] concentrations show a less
pronounced ‘clocking’ behavior which almost merges with the first part of the reaction.11l
The time taken for ClO2 production remained the same, i.e., 1-2 minutes. The amount of
ClO2 produced, however, increased only slightly on increasing [MnII(Bn-TPEN)]
concentrations. Based on the [MnII(Bn-TPEN)] dependence studies, it is evident that
[MnII(Bn-TPEN)] affects both parts of the reaction; the induction period, and the
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autocatalytic behavior. An optimum [MnII(Bn-TPEN)] concentration of 50µM was chosen
for all further experiments in this study.

[ClO2-] Dependence
In order to study the effect of increasing the concentration of ClO2-, reactions were
carried out under a constant catalyst concentration of 50µM and a constant concentration
of PAA at 1 mM. Upon increasing the ClO2- concentration from 1 – 6 mM, it was observed
that the induction periods decreased on increasing [ClO2-], after which ClO2 was formed
rapidly. The formation of ClO2 is autocatalytic at the end of the induction period. Higher
chlorite concentrations shortened the induction period. However, the rate of formation of
ClO2 at the end of the induction period was unaffected by the change in ClO2concentration. This indicates the possibility of some of the reactive intermediates obtained
from the chlorite reaction to be autocatalytic in nature.1 The total reaction time also
decreased on increasing [ClO2-]. The amount of ClO2 produced also increased on
increasing [ClO2-] (see Figure 2.4). When very low concentrations of ClO2- were used, the
induction period increased and MnO4- was observed.
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Figure 2.4. [ClO2] vs time profiles for varying chlorite concentrations. [MnII(Bn-TPEN)]2+
= 50µM, [ClO2-] = 1, 2, 4, 6 mM, [PAA] = 1 mM. The concentration of ClO2 remained
constant after its rapid production at the end of the induction period.

The inverse of chlorite concentration vs induction period shows a linear relationship
(Figure 2.5) which further suggests autocatalytic nature of the intermediates produced in
the chlorite reaction.
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Figure 2.5. Plot of the inverse of ClO2- concentrations used in all trials vs the induction
period.

The UV-vis spectra taken during the course of each reaction also showed that peaks
around 430 nm and 560 nm corresponding to MnIII(OH)7 were formed concomitantly with
the maximum amount of ClO2 produced (see Figure 2.6). The reaction mixture also turned
brown indicating formation of MnIII(OH) at the point of maximum ClO2 production.
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Figure 2.6. UV-vis spectrum showing the sudden, rapid increase in 360 nm. [MnII(BnTPEN)]2+ = 50µM, [ClO2-] = 4 mM, [PAA] = 1 mM. Inset shows the formation of
MnIII(OH) (shoulders at 450 nm and 560 nm) when maximum ClO2 was produced.

The peaks corresponding to MnIII(OH), particularly the peak around 560 nm, are
smaller when higher concentrations of ClO2- are used (Figure 2.7), indicating smaller
amounts of MnIII(OH) being formed. The MnIII(OH) form of the catalyst also absorbs in
the 360 nm region. Therefore, in order to get a more accurate concentration of ClO2
produced, the maximum absorbance at 360 nm at the end of the reaction was subtracted
from the absorbance at 360 nm taken after purging the reaction mixture with N2 to remove
the ClO2. This difference was then divided by 1250 M-1 cm-1, the extinction co-efficient of
ClO2. Figure 2.7 also shows the increasing amount of ClO2 produced on increasing ClO2concentrations.
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Figure 2.7. UV-vis spectra of all the final scans of the ClO2- variation experiments. Final
scans indicate the time at which maximum ClO2 was produced. Spectrum in red indicates
initial [MnII(Bn-TPEN)] used in all reactions. Conditions: [MnII(Bn-TPEN)]2+ = 50µM,
[PAA] = 1 mM, [ClO2-] = 1 mM (spectrum in blue), 2 mM (green), 4 mM (orange), 6 mM
(purple). The peak corresponding to MnIII(OH) decreases on increasing [ClO2-].

Products Analysis by Ion Chromatography
IC was performed on all reaction mixtures in order to identify and quantify all
chlorine-containing products. The reaction was stopped at the point of maximum ClO2
production, diluted, purged with N2 to get rid of the ClO2, and was injected into the IC. IC
results indicated that nearly half of the initial ClO2- remains unreacted in solution at the
end of the reaction. Upon increasing the initial ClO2- concentrations, the amount of ClO2reacted becomes slightly more than half. The products identified by IC are Cl- and ClO3-,
apart from ClO2. The amounts of Cl- and ClO3- formed are roughly equal (1:1), while the
amount of ClO2 increased on increasing ClO2- concentrations. A conversion of 60% from
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ClO2- to ClO2 is achieved in merely 12 minutes in the presence of 1mM PAA. The exact
concentrations of each product at different ClO2- concentrations are shown in Table 2.1.

Table 2.1. All concentrations are in mM unless otherwise indicated. a) Reaction time
indicates the time at which maximum ClO2 was produced. b) The concentration of ClO2
was quantified by UV-visible spectroscopy of the reaction mixture and was calculated
using the formula: (Abs @ 360 nm – Abs @ 360 nm of after purge scan) / (1250 M-1 cm-1
x 1 cm). The concentrations of other chlorine-containing species were quantified by Ion
Chromatography(IC). IC was performed on all reaction mixtures when maximum ClO2
was produced. c) Percentage calculated by final concentration of ClO2 divided by the
amount of chlorite consumed. d) Percentage of oxidizing equivalent unaccounted for by
Cl-containing species.
[MnII(BnTPEN)]] /
µM
50

Reaction
time /
minsa
29

[PAA]

[ClO2-]i

[ClO2-]f

[Cl-]

[ClO3-]

[ClO2]b

%[ClO2]c

1.00

1.30

0.49

0.38

0.13

0.28
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50

19

1.00

2.30

1.10

0.37

0.21

0.59
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50

15

1.00

4.40

2.70

0.33

0.28

0.90

53

50

12

1.00

6.30

4.20

0.30

0.27

1.20
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[PAA] Dependence
In order to observe and study the effects of PAA on the reaction, experiments were
carried out keeping the catalyst and chlorite concentrations constant while varying the
concentration of PAA. Higher PAA concentrations increased the length of the induction
period. However, higher PAA concentration experiments did not show a uniform trend.
Different concentrations showed different characteristics which are explained below.
Upon increasing the PAA concentration to 2 mM, the induction period increased to
50 minutes, after which rapid ClO2 production was observed. Figure 2.8a shows the 2 mM
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PAA reaction with the long induction period and the rapid production of ClO2. The rate of
conversion from ClO2- to ClO2 was also high. It was found to be around 70%. At the end
of the reaction, the reaction mixture turned brown with tiny brown particles of Mn III(OH)
suspended in solution. This reaction mixture was purged with N2 to remove all the ClO2
produced and an ‘after purge’ scan was taken on the UV-vis. The scan clearly shows a
broad peak spanning 450 nm and 530 nm, indicating the formation of Mn III(OH) (Figure
2.8b).

Figure 2.8. a) ClO2 formation after an induction period of 50 minutes. [MnII(Bn-TPEN)]2+
= 50 µM, [PAA] = 2 mM, [ClO2-] = 1 mM. 2.8b) The ‘after purge’ scan. Spectrum in blue
is the scan taken after purging the reaction mixture with N2. Spectrum in dashed red is that
of the starting pre-catalyst, 50µM [MnII(Bn-TPEN)]2+.
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When the concentration of PAA was further increased to 4 mM, the induction
period increased to 130 minutes, followed by rapid production of ClO2. The ClO2 once
formed, decreased immediately when the reaction mixture was left standing (Figure 2.9).
Another point to note here is the appearance of the signature permanganate (MnVIIO4- )
vibronic peak at 525 nm concomitant with the formation of ClO2 at 360 nm. The
permanganate peak disappears along with the disappearance of the ClO2 peak at 360 nm.
(Figure 10). The vibronic nature of the ClO2 peak disappears and the peak at 360 nm
becomes smooth resembling that of MnIII(OH) (inset of Figure 10).

Figure 2.9. Reaction of [MnII(Bn-TPEN)]2+ with 1 mM ClO2- in the presence of 4 mM
PAA. Induction period = 130 minutes, followed by the rapid formation of ClO2. Abs @
360 nm decreases after the 140th minute.
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Figure 2.10. UV-vis spectra showing ClO2 formation and disappearance at high
concentrations of PAA. [MnII(Bn-TPEN)]2+ = 50 µM, [PAA] = 4 mM, [ClO2-] = 1 mM.
ClO2 is formed at the 135th min along with the formation of MnO4- (spectrum in pink).
Inset: The peak at 360 nm increasing first and decreasing, and changing its appearance
from vibronic (ClO2) to smooth (MnIII(OH)).

At very high concentrations of PAA, i.e., 6 mM, no ClO2 is formed, indicating
retardation of ClO2 formation at high acid concentrations. At low concentrations of PAA
and ClO2-, very little or no ClO2 is formed. A minimum concentration of 500 µM (0.5 mM)
PAA is required to observe autocatalytic behavior of rapid production of ClO2 after an
induction period (Figure 2.11). Thus, only an optimum PAA concentration results in an
induction period leading to autocatalysis, which brings about rapid production of ClO2.
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Figure 2.11. Abs @ 360 nm vs time for low concentrations of PAA and ClO2-. a) [MnII(BnTPEN)]2+ = 50 µM, [PAA] = 100 µM, [ClO2-] = 1 mM, very little ClO2 was formed and
no autocatalytic behavior was observed. b) [MnII(Bn-TPEN)]2+ = 50 µM, [PAA] = 500
µM, [ClO2-] = 500 µM, autocatalytic behavior was observed at this minimum
concentration. At very low concentrations ([PAA] = 100 µM and [ClO2-] = 100 µM, no
ClO2 was observed.
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Multiple Additions of ClO2In order to examine the activity of the catalyst after its reaction with ClO2-, multiple
additions of ClO2- were performed. Upon addition of second and third aliquots of only
ClO2-, it was observed that the induction period disappeared and the production of ClO2
was continuous, and not rapid, i.e., first-order behavior as observed when the catalyst
[MnII(Bn-TPEN)] was reacted with ClO2- in the absence of PAA.7 The absence of an
induction period indicates that PAA is the reagent responsible for the induction period
observed in these reactions. A decrease in the rate, longer reaction times, along with lower
amounts of ClO2 being produced are observed upon successive additions of 4 mM ClO2(Figure 2.12).

Figure 2.12. Concentration of ClO2 formed vs time profiles for successive additions of
ClO2-. The additions were made after purging the reaction mixture with N2 to remove the
previously formed ClO2. The spectrum in red shows an induction period followed by rapid
ClO2 production; [MnII(Bn-TPEN)] = 50µM, [PAA] = 1 mM, [ClO2-] = 4 mM. Spectra in
green and blue (addition of 4 mM ClO2- in each case) show no induction period, but
continuous formation of ClO2 as observed by Hicks et al.7
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Another set of experiments were carried out by multiple additions of both PAA and
ClO2-. Upon multiple additions of both PAA and ClO2-, rapid formation of ClO2 was
observed, but with shortened induction periods compared to the first reaction (Figure 2.13).
This confirms the role of PAA being the causal reagent for the induction period. The
reaction mixture was purged with N2 to remove the previously formed ClO2 prior to the
addition of PAA and ClO2-.

Figure 2.13. Concentration of ClO2 vs time profiles for successive additions of PAA and
ClO2-. The additions were made after purging the reaction mixture with N2 to remove the
previously formed ClO2. The spectrum in red shows an induction period followed by rapid
ClO2 production; [MnII(Bn-TPEN)] = 50µM, [PAA] = 1 mM, [ClO2-] = 2 mM. The spectra
in blue and green denote successive additions of 1 mM PAA and 2 mM of ClO2-. Induction
periods are shortened considerably.
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Sequence of Addition Experiments
While the multiple addition experiments implicated the role of PAA in the
induction period, it was further necessary to confirm that a reaction between PAA and
[MnII(Bn-TPEN)]2+ was the cause for the induction period observed. In order to understand
the behavior of the catalyst with PAA and ClO2-, control reactions were run by allowing
[MnII(Bn-TPEN)]2+ to first react only with PAA. The reaction was followed by UV-vis
spectroscopy. Figure 2.14 shows the spectral changes for the reaction between the catalyst
and PAA, in the absence of ClO2-.
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Figure 2.14. UV-vis spectrum of reaction with 50µM [MnII(Bn-TPEN)]2+ + 1 mM PAA.
A peak around 300 nm is formed, which increases over time. Inset: The broad peaks around
300 nm are enlarged.

After a period of 15 minutes of letting [MnII(Bn-TPEN)]2+ and PAA react, 6 mM
ClO2- was added to the reaction mixture. Upon addition of ClO2-, ClO2 started forming
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almost immediately with no hint of an induction period indicating that the consumption of
PAA in a reaction with Mn(Bn-TPEN) is the reason for the induction period. Figure 2.15
shows the absorbance at 360 nm vs time for the reaction of Mn(Bn-TPEN) and PAA, and
the absorbance vs time profile upon addition of ClO2-.

Figure 2.15. Abs @ 360 nm vs time profile for a control reaction with Mn(Bn-TPEN) and
PAA. Conditions: 50µM [MnII(Bn-TPEN)]2+ + 1 mM PAA. 6 mM ClO2- added after 15
minutes. ClO2 production starts immediately.

When a lower concentration (1mM) ClO2- solution was added to the reaction
mixture containing Mn(Bn-TPEN) and PAA after 20 minutes, ClO2 production did not start
immediately. Instead, it was produced rapidly after an induction period of a further 20
minutes. The UV-vis spectrum also shows a broad peak around 450 nm and 530 nm (Figure
2.16). This behavior can be explained by assuming the rapid formation of ClO2 to be
autocatalytic, and that the autocatalytic species is not formed in large enough quantities
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when lower concentrations of ClO2- are used. Upon addition of higher concentrations of
ClO2-, the ClO2 formation is immediate, which implies that high concentrations of ClO2afford high concentrations of the autocatalytic species responsible for the rapid ClO2
formation.
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Figure 2.16. a) Abs @ 360 nm vs time profile of control reaction with 50µM [Mn II(BnTPEN)]2+ + 1 mM PAA. This reaction was run for 20 minutes, after which 1 mM ClO2was added. Upon addition of ClO2-, an induction period of 20 minutes was observed prior
to the rapid formation of ClO2. b) UV-vis spectrum showing the formation of ClO2 and
MnIII(OH) (broad peak around 450 nm and 530 nm), after the addition of 1 mM ClO2-.
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A second control reaction was carried out by reacting ClO2- with PAA. The UV-vis
spectra did not show evidence of any reaction occurring between these two reagents. An
aliquot of 50µM [MnII(Bn-TPEN)]2+ was then added to the above reaction mixture after 15
minutes. Upon addition of the MnII species, an induction period of ~15 minutes was
observed, following which ClO2 was produced autocatalytically (Figure 2.17).
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Figure 2.17. a) UV-vis spectrum showing the reaction between 6 mM ClO2- and 1 mM
PAA. The spectrum in dashed red is the initial ClO2-. Addition of PAA did not bring about
a change to the ClO2- spectrum. b) Abs at 360 nm vs time profile before and after addition
of 50µM [MnII(Bn-TPEN)]. An induction period of 20 minutes was observed, followed by
rapid ClO2 production.

EPR Spectroscopy
In order to understand the nature of intermediates formed during the reaction
between [MnII(Bn-TPEN)]2+ and PAA, which results in the induction period observed
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during these reactions, low temperature EPR spectroscopy experiments were performed.
Figure 2.18 shows the EPR signal of 75µM [MnII(Bn-TPEN)]2+ alone in 50.0 mM acetate
buffer pH 5.0. The solution was frozen in liquid N2 and the spectrum was taken at 5K. It
shows the typical six-line signal at g=2 which corresponds to S=5/2 Mn(II).7-8 Upon
addition of 1 mM PAA, the six-line signal changed to a sixteen-line spectrum at g=2
assigned to an antiferromagnetically coupled (S = 1/2) MnIII (µ-O)2 MnIV dimer.14 A small
bump is also seen between 1000 G and 1500 G (g = 5.5) which may be attributed to an
MnIV species.14d

Figure 2.18. EPR spectra of initial catalyst and that of the intermediate formed upon
addition of PAA a) 75µM MnII(Bn-TPEN)2+, spectrum shows typical six-line signal
corresponding to MnII at g=2. Upon addition of 1 mM PAA, spectrum showed a 16-line
signal at g=2 corresponding to the formation of a Mn III (µ-O)2 MnIV dimer. The samples
were degassed by applying high vacuum before being frozen in liquid N2.
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When a reaction mixture consisting of 75µM MnII(Bn-TPEN)2+ and 1 mM PAA
was left standing for a longer duration of time (200 minutes), the EPR spectrum showed
that the MnII species is returned at the end, after its initial conversion to the MnIII (µ-O)2
MnIV dimer (Figure 2.19).

Figure 2.19. EPR spectrum of 75µM [MnII(Bn-TPEN)]2+ + 1 mM PAA after 200 minutes.
The MnIII-(µ-O)2-MnIV dimer changes back to the MnII form.

In order to monitor the reactive intermediates produced during the reaction with
PAA and ClO2-, EPR spectra were taken at different time intervals of the reaction. The
EPR spectra were taken after the samples were degassed under high vacuum for 5 minutes
to remove any ClO2 produced, before being frozen in liquid N2. Several trials of EPR
experiments were carried out which showed only the presence of the radical ClO 2 (which
completely drowned out any signal from a Mn species). After several trials of varying the
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time taken to remove ClO2 by purging with N2 and by applying high vacuum, spectra were
recorded after applying vacuum for 5 minutes to remove ClO2 and then frozen. The spectra
show only a six-line signal corresponding to a MnII species, which could be the initial
catalyst or a MnII impurity. The MnII signal usually dwarfs other signals present at g = 2.0.

Change of Solvent – Importance of Acidic Buffer
The observation and identification of highly oxidized Mn species in water is usually
fraught with difficulties.15 Therefore, in order to identify the exact nature of the
intermediates in a non-aqueous solvent, the reaction with [MnII(Bn-TPEN)] and ClO2- in
the presence of PAA was carried out in Trifluoroethanol (TFE). TFE was chosen on
account of it being the choice of solvent in identification of MnIV(O)(Bn-TPEN), MnII(BnTPEN), and MnIII(OH)(Bn-TPEN).8 In TFE as the solvent, the reaction behavior was
completely different from that observed in acetate buffer pH 5.00. It produced ClO2
initially, and after 10 minutes into the reaction, the produced ClO2 started to decrease
(Figure 2.20) No autocatalytic behavior was observed. This experiment indicated the
importance of the solvent for the observation of an induction period and an autocatalytic
reaction. EPR experiments were carried out in TFE. However, it was not possible to remove
all the ClO2 produced despite our best efforts to purge under high vacuum or purge with
N2.
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Figure 2.20. a) Abs @ 360 nm vs time for reaction in TFE. [Mn II(Bn-TPEN)] = 50µM,
[PAA] = 1 mM, [ClO2-] = 2 mM. b) UV-vis spectrum of the same reaction. First arrow
indicates increase in ClO2, second arrow indicates decrease in the produced ClO2.

The pH of the buffer is also important to observe autocatalytic production of ClO2.
When the buffer was changed from acetate buffer pH 5.0 to phosphate buffer pH 7.0, ClO2
was not produced. This indicates the necessity of an acidic pH for the non-linear behavior
observed in this chlorite system.
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1

H NMR to Monitor PAA Consumption

The reaction mixture containing 50µM MnII(Bn-TPEN)2+ + 1 mM PAA + 2 mM
ClO2- was monitored by 1H NMR in order to observe the trend of consumption of PAA
during the course of the reaction, particularly during the induction period. Dimethyl sulfone
was used as an internal standard. Figure 2.21 shows the steady decrease in the
concentration of PAA during the 15 minutes of induction period. The concentration of PAA
drops to zero at the end of the reaction when maximum ClO2 was produced. An NMR
signal could not be obtained at the point of rapid ClO2 generation.
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Figure 2.21. Monitoring the consumption of PAA by 1H NMR. a) Abs @ 360 nm vs time
profile for the reaction conducted in 90:10 H2O: D2O. Dimethyl sulfone was used as an
internal standard. 50µM [MnII(Bn-TPEN)]2+ + 1 mM PAA + 2 mM ClO2-. b) Plot of
decrease in concentration of PAA vs time for the above reaction. [PAA] = 0 mM at the end
of the reaction.
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2.7 Reaction Kinetics
The reaction kinetics with PAA and ClO2- was followed by UV-Visible
spectroscopy and EPR spectroscopy. The consumption of PAA was monitored by 1H
NMR. At fixed [MnII(Bn-TPEN)] and PAA concentrations, increasing the concentration of
chlorite decreased the induction period and the rate of formation of ClO2. The rapid, sharp
rise in the production of ClO2 after an induction period allows us to separate the whole
reaction into two parts: an initial part, wherein PAA is consumed on account of its reaction
with [MnII(Bn-TPEN)] resulting in the formation of an apparent thermodynamic sink, the
mixed-valence binuclear complex [(BnTPEN)MnIII-(µ-O)2-MnIV(Bn-TPEN)]2+ 14d , and a
second part, a supplementary oxyhalogen reaction that brings about rapid formation of
ClO2.11b

Induction period – Mechanism
Based on the data shown above, it is clear that PAA is responsible for the induction
period seen prior to the autocatalytic production of ClO2. The autocatalytic nature of ClO2reactions in the presence of acid have been studied before and well-documented.1, 9, 11b-d,
11g, 11k

In order to explain the induction period observed, and to account for the appearance
of a MnIII-(µ-O)2-MnIV binuclear complex when [MnII(Bn-TPEN)]2+ is reacted with PAA
(Figure 18), we propose the following reactions which bring about the conversion of
[MnII(Bn-TPEN)]2+ to [(BnTPEN)MnIII-(µ-O)2-MnIV(Bn-TPEN)]3+ based on results
reported by Ottenbacher et al.14d
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Scheme 2.1 explains the formation of the dimer [LMnIII-(µ-O)2-MnIVL]3+ (L=Bn-TPEN)
as shown below, based on results reported by Ottenbacher et al.14d

Scheme 2.1. Possible reactions when [MnII(Bn-TPEN)]2+ is reacted with PAA.

Mechanism of autocatalytic formation of ClO2
The formation of ClO2 is very rapid and occurs immediately after the induction
period. The induction period results in the consumption of most of the initial PAA. Upon
increasing chlorite concentrations, the induction period is reduced. The inverse of chlorite
concentration vs induction period shows a linear relationship (Figure 2.5). This indicates
the autocatalytic formation of some of the reactive intermediates from chlorite responsible
for the rapid formation of ClO2.1 The following reactions explain the autocatalytic
formation of ClO2. The possible reactions of the MnIII-(µ-O)- MnIV binuclear complex have
been proposed based on results reported on similar binuclear Mn systems by Limburg et
al.16 The exact nature of the bridges in Mn binuclear complexes cannot be identified or
distinguished by conventional EPR or other spectroscopic techniques. A possible technique
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would be Multifrequency EPR. The Mn species have been indicated simply as ‘oxidized
Mn binuclear species’.

In mildly acidic conditions, ClO2- decomposes slowly to give ClO2 on prolonged
standing.17

Cl-, an impurity in ClO2- solutions, has been shown to bring about the decomposition of
ClO2- to HOCl at low pH conditions.11k However, this reaction is too slow to be considered
to have an effect on account of the relatively fast time-scale of the current reaction
system.11d

Therefore, HOCl, the intermediate proposed to be the autocatalytic species bringing about
rapid ClO2 production in this reaction, has to be produced from the interaction between
ClO2- and [LMnIII-(µ-O)-MnIVL]3+, the binuclear complex produced upon reaction of
[MnII(Bn-TPEN)]2+ with PAA.
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Reaction 3 will be rate-determining in this sequence.

The HOCl produced will rapidly oxidize excess ClO2- to ClO2 in the presence of acid, as
shown in reaction 4.11k

Reaction 4 serves as the initiation step in the autocatalytic cycle.9

The HOCl produced in reaction 3, the rate-determining step, quickly reacts with [LMnIV(µ-O)-MnIVL]3+ to produce higher oxidized Mn binuclear species, the exact structure of
which cannot be determined by conventional methods of spectroscopy. The Mn(IV) and
Mn(V) (µ-O)2 binuclear complexes will be EPR silent and will not show any signals in
perpendicular mode EPR. Additionally, they also cannot be observed by UV-vis
spectroscopy owing to low concentrations used in this reaction.16 Therefore, the higher
oxidized species are proposed intermediates.

Reaction 4 is a very fast reaction catalyzed by acid and has been extensively studied.11k, 18
It competes with other reactions which consume HOCl, such as reaction 5. Reaction 4
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actually proceeds through an asymmetric intermediate Cl2O2, whose existence has been
proven by isotopic labelling by Taube and Dodgen.12

The intermediate Cl2O2, being unstable, further reacts with a 2-electron reductant
producing two molecules of HOCl.1

The 2 e--reductant can be ClO2- as depicted by reaction 8.

Reaction 5 is important because it is the controlling reaction with respect to autocatalysis.
If the rate of reaction 5 is very high, the autocatalytic nature of the cycle will be subdued
owing to the prevention of accumulation of the autocatalytic intermediate, HOCl.
However, if reaction 5 is slow, then the concentration of HOCl increases more rapidly in
solution than it being consumed, thereby leading to an autocatalytic reaction resulting in
the rapid formation of ClO2.9 Therefore, for every molecule of HOCl being consumed,
two molecules of the same are produced as shown in reactions 8a and 8b, indicating
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quadratic autocatalytic formation of HOCl. The rapid formation of HOCl renders all other
oxidations by ClO2- to be insignificant.

In addition to reactions 7 or 8, the intermediate Cl2O2 can also react with excess ClO2resulting in the formation of ClO2 (Reaction 9). Another possible reaction that can take
place is the conversion of Cl2O2 to ClO3- and Cl- in a 1:1 ratio (Reaction 10). This is based
on the observation that the formation of ClO2 in these reactions is usually accompanied by
the concomitant formation of ClO3-.9

The amount of ClO2 produced and its rate of formation are dependent on the rates of the
reactions which produce HOCl (Reactions 2 and 3), and those which consume HOCl
(Reactions 4 and 5). Finally, they are also largely dependent on the rates of reactions 9 and
10.9
The appearance of permanganate in solution in the presence of excess acid can
either be explained by the disproportionation of the MnVMnV intermediate to give Mn(VII)
and Mn(III) or by ligand degradation in excess acid to give free MnO4- in solution.16
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The production of ClO2 shows nonlinearities in the form of an induction period
followed by its rapid production. The induction period can be explained as the time taken
by PAA to react with [MnII(Bn-TPEN)]2+ to form a Mn binuclear complex [(Bn-TPEN)
MnIII-(µ-O)2-MnIV(Bn-TPEN)]3+. The autocatalytic formation of ClO2 can be explained by
the formation of an as yet unidentified Mn binuclear intermediate and Cl2O2, which leads
to HOCl autocatalysis.
The mechanism takes into account the involvement of PAA in the reaction
mechanism leading to the autocatalytic formation of ClO2, thereby providing a possible
explanation as to why the production of ClO2 is not linear as observed by Scott et al.7 The
Mn intermediates proposed in this mechanism have not been observed experimentally
owing to the fact that most of them are EPR silent and cannot be seen in the UV-vis under
low concentrations.16 It also offers an explanation for the appearance of permanganate and
MnIII in solution.

2.8 Mechanistic Implications
Induction period – Is due to the consumption of PAA by [MnII(Bn-TPEN)]2+ to
form the binuclear complex, [(Bn-TPEN) MnIII-(µ-O)2-MnIV(Bn-TPEN)]3+.

Catalyst dependence – Higher [MnII(Bn-TPEN)]2+ concentrations reduce the
induction period. This can be explained by the reaction of MnII with PAA to form the
MnIIIMnIV dimer. Higher initial [MnII] produce higher [MnIIIMnIV dimer], which results in
the autocatalytic reaction producing ClO2 occurring sooner, than when lower
concentrations of MnII form of the catalyst are used.
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ClO2- dependence – Higher ClO2- concentrations reduce the induction period,
thereby strongly indicating that the reactive intermediates produced by ClO2- are involved
in the autocatalytic formation of ClO2. Previous studies based on chlorite oscillators and
autocatalytic reactions involving chlorite in the presence of acid, have concluded that the
intermediate responsible for rapid formation of ClO2, after the induction period, is HOCl.9,
11b-d, 11g, 11k

The above mechanism explains the formation of HOCl in a reaction involving

the dimer in the presence of acid, thereby implying the integral role of PAA in this reaction.

PAA dependence – Higher [PAA] increases the induction period implying that the
consumption of PAA to form the dimer is a prerequisite for the autocatalytic reaction to
kick-off. Very high concentrations of the acid result in the formation of MnO4-, which can
be produced by the disproportionation of higher Mn-oxidized species such as MnVMnV
dimer to MnVII (permanganate) and MnIII, or by ligand degradation by large amounts of
acid leading to the conversion of Mn species in solution to MnO4-.

IC data – IC results indicate that half of the initial chlorite remains unreacted in
solution. The above mechanism accounts for the unreacted chlorite by implying that when
enough MnIIIMnIV dimer is produced, it reacts with ClO2- in the presence of acid, which
further leads to the autocatalytic formation of ClO2. After the rapid production of ClO2, the
remaining chlorite does not take part in other reactions apart from a very slow
decomposition to ClO2.
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Deviation from reaction behavior observed by Hicks et al. - [MnII(Bn-TPEN)]2+
reacts with ClO2- to form ClO2 following first-order behavior, affording 30% conversion
to ClO2 in 30 minutes.7 The same reaction in the presence of Peracetic acid, however,
shows completely different behavior in the form of an induction period followed by rapid
autocatalytic production of ClO2. The conversion rate to ClO2 is 60% in a matter of just 12
minutes and the reaction shows very interesting kinetics in the form of autocatalysis by
HOCl. The MnIIIMnIV dimer was also observed by Hicks et al. via EPR spectroscopy,
however, the dimer was not the active catalyst in the reaction with ClO2-. Also, very small
amounts of the dimer were formed in a side reaction in the proposed catalytic cycle. In the
present reaction with PAA, the concentration of the MnIII-(µ-O)2-MnIV dimer formed is
higher which may further lead to reactions with ClO2- in the presence of acid, producing
HOCl, the autocatalytic intermediate responsible for rapid ClO2 formation.

Multiple additions activity – The system shows linear behavior upon subsequent
additions of ClO2-, which is a clear indication of the necessity of PAA for the autocatalytic
nature observed. Upon successive additions of both PAA and ClO2-, the induction period
is drastically reduced, implying that the MnIIIMnIV dimer and HOCl would already exist in
solution, and would exhibit autocatalytic formation of ClO2 sooner as it would be able to
accumulate to the minimum concentration of these autocatalytic species required for rapid
ClO2 production.
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2.9 Pitfalls and Alternative Approaches
The Mn-dimer intermediates proposed in the mechanism have not been observed
experimentally. The only dimer species observed is the MnIII-(µ-O)2-MnIV in solution upon
reaction with PAA. The other possible higher oxidized states of Mn dimers have been
proposed based on reported literature so far. It should be noted that it has been reported in
literature that the nature of Manganese intermediates involved in these Mn-complex
catalyzed reactions are poorly understood at this point in time and are difficult to identify
by conventional methods.15 However, the catalytic mechanism proposed is within
reasonable grounds, based on literature reports of similar MnII and the dimer species.
A possible technique to possibly identify the reactive dimer intermediates would be
Multifrequency high-field EPR (HFEPR). HFEPR is a relatively new technique used to
study transition metal coordination chemistry, especially for ‘EPR-silent’ species (integer
spin or high-spin) in conventional EPR techniques.19 Dimanganese species have been
investigated using this technique in order to obtain the exact structures of these complexes
including the solvent molecules attached.20 This would help us obtain proof and confirm
Mechanism 2 which has been proposed to explain the induction period and the autocatalytic
nature of the reaction.
A second technique which could be used to study the dimer complexes would be
Cyclic Voltammetry (CV). CV has been previously used to study the electrochemical
behavior of high-valent oxomanganese dimers in aqueous solutions.21
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2.10 Future Directions
The proposed Mn binuclear intermediates have to be identified and characterized.
The above method can be further optimized to find ways to bypass the induction period,
thereby ensuring rapid ClO2 production in 1 or 2 minutes.

2.11 Potential Impact
Since ClO2 is widely used as a bleaching agent and a disinfectant, and has farreaching industrial applications2, the [MnII(Bn-TPEN)]-PAA-ClO2- system can
offer an inexpensive, reliably quick, and a mild method to produce large amounts
of ClO2 in a matter of 1-2 minutes.
An understanding of the mechanism of this reaction system provides for ways to
further improve upon production rates of ClO2.
The [Mn(Bn-TPEN)] complex can be easily synthesized.22 PAA, and ClO2- are
inexpensive reagents, the reaction conditions are mild and non-corrosive in an
aqueous solvent. The above method also does not involve the use of large volumes
of concentrated acids. PAA is a mild acid, is environmentally safer, and only small
concentrations are required to bring about rapid ClO2 production.
The autocatalytic part of the reaction can be controlled by adding the appropriate
amounts of PAA and ClO2-, wherein the induction period can be avoided.

The above points illustrate the possible commercial impact that the [MnII(Bn-TPEN)]PAA-ClO2- system can offer in producing ClO2.
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Appendix A - Chapter 1

Figure A.1. Reaction of [FeIII-TAML] and ClO2- in 50.0mM citrate buffer pH 5.0 at 25oC.
[FeIII-TAML] = 100µM, [ClO2-] = 4mM. Reaction in citrate buffer produced ClO2.
Experiment performed by Jeong-Min Park at Ewha Womans University, Seoul, Korea.
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Figure A.2. Reaction of [FeIII-TAML] and ClO2- in 50.0mM phosphate buffer pH 7.0 at
25oC. [FeIII-TAML] = 10µM, [ClO2-] = 10mM. Reaction in phosphate buffer showed only
a slight increase in abs @ 360nm, but no ClO2 formation. Experiment performed by JeongMin Park at Ewha Womans University, Seoul, Korea.

Figure A.3. Spectroscopic evidence of [FeV(O)(TAML)] in CH3OH. [FeIII-TAML] =
100µM, [ClO-] = 10mM. This experiment was performed by Jeong-Min Park at Ewha
Womans University, Seoul, Korea.

